This paper presents a new class of quasi-elliptic pass-band filters in substrate-integrated waveguide technology, which exhibits compact size and modular geometry. These filters are based on mushroom-shaped metallic resonators, and they can be easily implemented using a standard dual-layer printed circuit board manufacturing process. The presented filters exploit nonresonating modes to obtain coupling between non-adjacent nodes in the case of in-line geometry. The resulting structure is very compact and capable of transmission zeros. In this work, the singlet configuration is preliminarily investigated, and a parametric study is performed. The design of three-pole, four-pole, and higher-order filters is illustrated with examples and thoroughly discussed. A four-pole filter operating at the frequency of 4 GHz has been manufactured and experimentally verified, to validate the proposed technique.
I . I N T R O D U C T I O N
The deployment of a variety of novel applications in the framework of the wireless sensor networks (WSN) [1] [2] [3] and Internet of Things (IoT) [4] [5] [6] demands the development of novel classes of radio frequency (RF) and microwave components and antennas, which combine easy manufacturing, simple integration, low cost, compact size, limited loss, and low weight. Both WSN and IoT are expected to lead to the deployment of an extremely large number of wireless systems, which integrate passive and active components as well as antennas in a single, compact device. From a market point of view, the possibility to easily integrate an entire wireless system by adopting a cost-effective manufacturing process represents the key factor for the success and widespread development of these new applications.
Among the available manufacturing and integration technologies for RF and microwave circuits, a good candidate able to satisfy all the aforementioned requirements is represented by the substrate-integrated waveguide (SIW) technology [7, 8] . SIW technology permits to integrate in planar form waveguide-like components, by adopting a dielectric substrate with top and bottom ground planes and rows of metal cylinders to emulate the side walls of the waveguide. The fabrication of SIW structures can be based on wellestablished and low-cost manufacturing techniques, such as the standard printed circuit board (PCB) technology. SIW structures guarantee large design flexibility and easy manufacturing, combined with relatively low losses and selfpackaging. Moreover, SIW allows the simple integration with active and non-linear devices, as well as the implementation of complete circuits on a single substrate, according to the system-on-substrate (SoS) paradigm [9] .
Microwave filters represent a class of components very suitable for implementation in SIW technology. The main reason is related to the low losses of SIW structures, which are usually smaller than in other planar technologies (as the microstrip line or the coplanar waveguide): due to this feature, SIW filters guarantee higher quality factor. Moreover, the flexibility of SIW technology can be fully exploited in the design of filters, leading to the implementation of filters with arbitrary geometry and multilayer topology.
Several filter topologies have been proposed in SIW technology, ranging from simple inductive-post filters and filters with iris windows [10] , to more complex cavity filters with circular and rectangular cavities, that permit a better design flexibility and exhibit higher selectivity, thanks to the crosscoupling that introduces transmission zeros [11] . Multilayer structures were adopted to design elliptic filters [12] , and super-wide band-pass filters were developed thanks to the use of an electromagnetic band-gap structure in the ground plane [13] . A comprehensive overview of SIW filters can be found in [14] [15] [16] .
A novel class of SIW filters, using non-resonating modes and based on mushroom-shaped resonators, was preliminarily presented in [17] , where a three-pole filter was designed and tested. In the last years, filters based on non-resonating modes have been successfully proposed in different configurations, for instance in combination with TM cavities [18] , with resonant posts in a rectangular waveguide [19] , or with highpermittivity dielectric pucks [20, 21] . The non-resonating mode is a mode that resonates far away from the filter pass-band, and it allows for a portion of the input power to bypass the resonator, thus creating a direct source-to-load coupling able to insert transmission zeros in the filter response.
In this paper, a thorough investigation of this novel class of SIW filters is presented: in addition to the main results of the conference paper [17] , a parametric investigation of the mushroom-shaped resonator is reported, as well as the design procedure for filters with an arbitrary number of poles. A four-pole filter based on mushroom-shaped resonators is designed, fabricated, and experimentally verified.
The proposed filters are obtained by cascading dualmushroom resonators. A dual-mushroom resonator consists of two metallic mushroom-shaped structures placed into an SIW. According to Fig. 1 , each mushroom is obtained by a circular patch suspended in the SIW and connected to the broad waveguide wall by a metallic via-hole.
One of the advantages of such a structure is that it allows for quasi-elliptic filtering functions by maintaining in-line configuration. This is possible by exploiting the first two resonant modes of the dual-mushroom resonator. Figure 2 shows the electric field distribution of the first and second resonant modes, in the case of a resonator with two identical mushrooms, symmetrically placed with respect to the SIW center. The mode with lower resonant frequency has an even electric field distribution, while the other has an odd electric field distribution. This behavior can be explained considering that each mushroom is a resonator itself, and it is strongly coupled to the other mushroom, resulting in an even and odd combination of their own resonant modes.
As shown in Fig. 3 , due to its even symmetry, the mode resonating at the lower frequency couples to the fundamental TE 10 mode of the SIW, but it does not couple to the TE 20 mode. Conversely, due to its odd symmetry, the other mode does not couple to the fundamental TE 10 mode while it couples to the TE 20 mode.
The basic idea is to use the odd mode of the dualmushroom resonator to obtain the filter poles. Conversely, the even mode, which resonates far away from the filter passband, is used as a non-resonating mode to bypass the resonator itself and create the transmission zeros. This concept can be better explained by considering the singlet in Fig. 4 (a). In this singlet configuration, source and load are represented by the SIW fundamental mode. This means that source and load are both uncoupled to the resonant mode, resulting in the frequency response of Fig. 4 (b), which exhibits no filtering behavior. However, this result shows that a portion of the incident power can bypass the resonator, and this is due to the fact that the source (fundamental SIW mode) excites the non-resonating mode of the dual-mushroom resonator and, in turn, the non-resonating mode excites the load. Figure 5 shows an asymmetric structure, with a dualmushroom resonator consisting in mushrooms with different cup size. The field patterns of the resonating modes of this structure are slightly different from the one of the symmetric singlet with identical mushrooms. In particular, in this case, the fundamental SIW mode couples to both resonating modes as their field distribution are no longer symmetric. To better illustrate this phenomenon, a systematic investigation of the coupling between asymmetric singlet and fundamental SIW mode has been performed. Figure 6 (a) shows a singlet where the radius of a mushroom cup is r + dr and the radius the other mushroom cup is r-dr.
The frequency response for three different values of dr, while keeping r constant, is shown in Fig. 6(b)-(d) , demonstrating high control capability in terms of coupling value range. As expected, the higher the value of dr, the higher the coupling of the resonant mode to source (M S1 ) and load (M 1L ), thus resulting in a wider filtering band. Furthermore, it is observed that all frequency responses present a transmission zero, which is due to the direct source-to-load coupling M SL (Fig. 5) . The presence of the transmission zero in the lower stop band depends on the fact that M SL is negative and M S1 and M 1L have the same sign. Moreover, M S1 ¼ M 1L , as can be easily seen by considering the symmetry of the structure along the longitudinal direction.
An out-of-band spurious can appear in the lower stop band, due to the resonant frequency of the even mode. To avoid this problem, it is convenient to use resonators with the resonance of the non-resonating mode well below the cut-off frequency of the fundamental SIW mode.
I I I . P A R A M E T R I C S T U D Y
In this section, a parametric study of the dual-mushroom symmetric singlet is presented. In particular, the quality factor of the resonant mode and the resonant frequency of both resonating and non-resonating modes have been analyzed.
As shown in Fig. 7 , the resonator is composed by two identical mushroom structures symmetrically positioned with respect to the SIW center. The SIW dimensions are the following: center-to-center width 40 mm, post diameter 2 mm, and longitudinal spacing 3.5 mm. The relative dielectric permittivity of the substrate is 2.2, and its thickness is 1 mm. The parametric study is performed by considering the distance P s between the center of the waveguide and the circular patch (mushroom cup), the distance S between the center of the post (mushroom stalk) and the center of the circular patch, and finally the post diameter d.
In the first analysis, the variation of the mushroom distance 2P s is considered. Figure 8(a) shows that the Q factor of the resonator is practically unaffected by this parameter. In Fig. 8(b) , the influence of the same parameter on resonant frequencies of the first two modes is shown. In this case, there is a small effect, and the separation between the two resonances decreases when the mushroom distance increases.
According to Fig. 8(b) , for this particular structure it seems convenient to maintain the two mushrooms as close as possible. In fact, in dual-mushroom filters it is better to have a high separation between the two resonant frequencies. This is due to the fact the resonance of the non-resonating modes can generate spurious frequencies in the lower stop band.
In the second parametric analysis, the effect of the stalk not centered with the mushroom cap is considered. Figure 9(a) shows the Q factor of the resonator versus the stalks shift S: the Q factor is maximum for S ¼ 0, and it decreases when the stalk is shifted toward the SIW center (S . 0), or toward the SIW walls (S , 0). Figure 9(b) shows the resonant frequency of the first two modes versus S: the mode separation increases when the two stalks become closer. Therefore, the stalk shift can be used to manage spurious frequencies in the lower stop band, if necessary, but the centered post seems the best solution. The last considered parameter is the mushroom stalk diameter d. Figure 10(a) shows that the diameter d affects the Q factor, and better results are obtained for larger diameters. On the other hand, as shown in Fig. 10(b) , larger diameters also allow for higher resonant frequency distance, thus resulting in a better behavior in terms of lower stop-band spurious frequencies.
I V . D E S I G N O F N -T H O R D E R F I L T E R
The N-th order filters can be obtained by cascading N resonators. In Fig. 11(a) , a structure is obtained by cascading N dual-mushroom symmetric resonators, consisting of pairs of identical mushrooms symmetrically placed with respect to the SIW center. In this structure, the coupling between adjacent resonators is obtained by exploiting the TE 20 mode of the SIW. However, this structure is not yet a filter, as the resonators are not coupled to the source and the load. This problem can be easily overcome using the structure shown in Fig. 11(b) , where the first and last resonators are replaced by asymmetric resonators, consisting of pairs of different mushrooms. In fact, asymmetric resonators couple with the fundamental mode of the SIW, as discussed in Section II.
As shown in Fig. 6 , the desired coupling M S1 between the source and the first (asymmetric) resonator can be obtained by properly selecting the value of dr. The same procedure applies for the coupling M NL between the last (asymmetric) resonator and the load. Conversely, the desired coupling between adjacent (symmetric) resonators is obtained by exploiting the attenuation of the non-propagating TE 20 mode of the SIW: the higher the distance between two adjacent resonators, the smaller their coupling. Figure 12 reports the coupling between symmetric resonators versus their distance, in the case r ¼ 7.25 mm, d ¼ 7 mm. The SIW dimensions are the following: center-to-center width 40 mm, post diameter 2 mm, and longitudinal spacing 3.5 mm. The relative dielectric permittivity of the substrate is 2.2, and its thickness is 1 mm.
According to Fig. 11(b) , the fundamental mode of the SIW generates additional coupling between non adjacent elements, namely: direct source-to-load coupling M SL , This design procedure has been applied to the design of a third-order filter and of a fourth-order filter. In Fig. 13 , the coupling patterns and the relevant coupling matrix of the third-order filter are shown. The dimensions of the filter implementing this coupling matrix are reported in Fig. 14(a) , while Fig. 14(b) shows the comparison between the frequency response obtained by the full-wave analysis and the one obtained by the coupling matrix. A transmission zero due to the coupling between non-adjacent elements appears in the upper stop band, thus increasing the selectivity of the filter in the upper cutoff. In the lower stop band, a substrate-integrated waveguide filters based on mushroom-shaped resonatorsspurious frequency appears, due to the resonance of the nonresonating modes (Fig. 14(b) ).
To overcome the spurious problem it is important to design the structure so as the non-resonating modes resonate well below the input/output waveguide cutoff. In the design of the fourth-order filter implementing the coupling matrix of Fig. 15 , two different strategies have been combined to fulfill this result. According to Fig. 16(a) , the first strategy consists in the use of input and output waveguides narrower than the waveguide containing the resonators, while the second strategy consists in the use of posts with large diameter to increase the distance between the resonant frequency of resonant and non-resonating modes (see Fig. 10(b) ). The comparison between full-wave analysis of the filter and coupling matrix response is shown in Fig. 16(b) . This filter has no spurious in the lower stop band. The filter response presents two transmission zeros very close to the filter band: one in the lower stop band and the other in the upper stop band, resulting in a very selective filter.
V . E X P E R I M E N T A L V A L I D A T I O N
The SIW filters described in Section IV have been manufactured and measured, to validate the proposed filter topology. The experimental verification of the three-pole filter shown in Fig. 14 has been reported in [17] , whereas the fabrication and measurement of the four-pole filter shown in Fig. 16 is discussed in this section.
The four-pole filter has been implemented by adopting two layers of Taconic TLY-5-200, with dielectric thickness h ¼ 0.508 mm, metal thickness t ¼ 35 mm, relative dielectric permittivity 1 r ¼ 2.2, and loss tangent tand ¼ 0.0009. The filter was manufactured using a LPKF milling machine, and the two dielectric layers were attached using TacBond bonding film (with thickness 38 mm and relative dielectric permittivity 2.35). The metal vias have been metalized using a conductive paste.
The photograph of the filter prototype before assembly is shown in Fig. 17 : it displays the top side of the top layer, including the transition from SIW to microstrip lines, and the top side of the bottom layer, with the circular metal patches forming the mushroom resonators. Figure 18 shows the simulated and measured frequency response of the four-pole filter, in the frequency band from 2 to 6 GHz. The measured band-pass frequency exhibits a shift of 100 MHz with respect to the simulation results, and a measured insertion loss of 2.47 dB (including connectors, microstrip lines, and transitions). The first upper spurious band appears at 5.8 GHz, and the out-of-band rejection is better than 25 dB from 4.15 to 5.75 GHz. Fig. 11 . Cascade of dual-mushroom resonators: (a) structure based on symmetric resonators only, which do not couple to source and load; (b) structure with first and last asymmetric resonators, which allows obtaining a filter. 
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V I . C O N C L U S I O N
This paper has presented a novel class of SIW filters, based on the use of mushroom-shaped resonators. The use of non-resonating modes allows us to achieve compact inline filters with transmission zeros in the frequency response. The coupling mechanisms between symmetric/ asymmetric pairs of mushroom resonators and the first two modes of the SIW have been investigated in detail, and the design strategy for filters with arbitrary number of poles has been presented. Filters with three and four poles have been designed by adopting the proposed 
3); (b) frequency response of the filter (comparison between full-wave response by Ansys HFSS and the coupling matrix response). Fig. 16 . Design of the four-pole filter: (a) drawing of the filter (dimensions in mm: 
